Interventions
Not applicable.
Main Outcome Measures
Individual QALYs were estimated over 2 years from the area under the curve of health-related utility scores derived from the Medical Outcomes Study 12-Item Short-Form Health Survey versus time. The relationship between baseline sedentary behavior and median 2-year QALYs was estimated using quantile regression adjusted for socioeconomic factors and body mass index.
Results
Lower QALYs over 2 years were more frequently found among the most sedentary (Q1, median 1.59), and QALYs increased as time spent in baseline sedentary behavior decreased (median QALYs for Q2, 1.64; Q3, 1.65; Q4, 1.65). The relationship of sedentary time and median QALY change was only significant for the most sedentary Q1 group, where an additional hour of sedentary behavior significantly reduced QALYs by −.072 (95% confidence interval, −.121 to −.020).
Conclusions
Our findings suggest that individuals with the most extreme sedentary profiles may be vulnerable to additional losses of quality of life if they become more sedentary. Targeting these individuals to decrease sedentary behavior has the potential to be cost-effective. Adults spend more than half of their waking hours in sedentary behavior (<1.5 metabolic equivalents) including sitting or lying. 1 Sedentary behavior is associated with poor health outcomes across diseases and an attributable direct medical cost ranging from $79 billion to $131 billion annually in the United States. 2 This is a substantial problem in adults with knee osteoarthritis (OA), who spend approximately two thirds of their daily waking time being sedentary. 3 Consequently, sedentary behaviors have emerged as a separate target for health promotion and disease prevention, distinct from physical activity (PA) promotion. 4 A limited but growing number of economic evaluations have assessed the cost-effectiveness of PA programs. 5 The Economics of Physical Inactivity Consensus group recently recommended using the quality-adjusted life year (QALY) as a key endpoint in PA intervention studies. 5 The QALY is comparable across disciplines and disease states and has broadly accepted levels-for example, $50,000 to $150,000 per QALY gained in the United States. 6 Prior work has not formally addressed the cost-effectiveness of sedentary behavior interventions. The purpose of this study was to gain insight into potential target subpopulations for which sedentary behavior interventions are most likely to be a good value. We hypothesized that QALYs are associated with time spent in sedentary behavior and that the strength of the relationship between daily sedentary hours and QALYs would be greatest in the most sedentary subgroups.
Methods

Participants and setting
Study participants were part of a subcohort of the Osteoarthritis Initiative (OAI) whose PA behavior was objectively monitored at the OAI 48-month visit. The OAI is a multicenter, longitudinal, prospective observational study of knee OA. The parent OAI study recruited 4796 men and women aged 45 to 79 years with or at an increased risk for developing symptomatic, radiographic knee OA at 4 clinical sites (Baltimore, MD; Columbus, OH; Pittsburgh, PA; Pawtucket, RI) between 2004 and 2006. Radiographic tibiofemoral knee OA was defined as the presence of definite tibiofemoral osteophytes (Osteoarthritis Research Society International atlas grades 1-3, 7 equivalent to Kellgren and Lawrence grade ≥2) 8 on the fixed-flexion radiograph. OAI eligibility criteria have been described in detail elsewhere. 9 Approval was obtained from the institutional review board at each OAI site and at Northwestern University. Each participant provided written informed consent. The OAI accelerometer ancillary study objectively measured PA from a subcohort of 2127 OAI participants at the OAI 48-month visit, 10 representing the baseline for the current study. We restricted our sample to 1794 participants with accelerometer monitoring and 2-year follow-up (fig 1) . Excluded were 106 nonrespondents/deceased, 168 participants who did not have 4 to 7 valid days (ie, ≥10 wear-hours/d) of accelerometer monitoring, and another 59 participants because of missing data, precluding the calculation of QALYs (see fig 1) . Outcomes PA was objectively measured over the 7 consecutive days after the baseline clinic visit using a GT1M ActiGraph accelerometer, a a small uniaxial accelerometer that measures vertical accelerations. 11 Trained research personnel gave participants uniform scripted instructions to wear the unit on a belt at the natural waistline on the right hip in line with the right axilla on arising in the morning and continuously until retiring at night, except during water activities. Participants maintained a daily log to record time spent in water and cycling activities, which may not be fully captured by accelerometers. Accelerometer data were analytically filtered using methodology validated in adults with rheumatic disease.12, 13, 14 Nonwear periods were defined as ≥90 minutes with 0 activity counts (allowing for up to 2 consecutive interrupted minutes with counts <100). 13 We identified participants with 4 or more valid days (ie, ≥10 wear-hours/d) needed for reliable PA estimates. 12 Total daily minutes of moderatevigorous PA (MVPA) were calculated using the National Institutes of Health methodology (counts ≥2020/min). Sedentary behavior, defined by activity counts per minute of <100, was used to calculate average daily time spent in sedentary behavior. Minutes of sedentary behavior were translated on a minute-by-minute basis from accelerometer output. Sedentary behavior quartiles are based on average daily waking hours spent in sedentary behavior. As performed by Qi et al, 15 we standardized sedentary time to 16 hours of wear time per day (the typical waking time in our study) because of a high correlation between sedentary time and wear time. The number of standardized sedentary hours per day defined the quartiles bounding quartile 1 (Q1; most sedentary) to quartile 4 (Q4; least sedentary) by 11.6 to 15.1, 10.7 to 11.6, 9.7 to 10.7, and 4.5 to 9.7 hours, respectively.
Health-related utility was measured using the Medical Outcomes Study 12-Item Short-Form Health Survey, version 2 (SF-12v2) 16 at baseline and at 2-year follow-up. The SF-12v2 is a 12-dimension instrument for measuring (generic) health-related quality of life that is valid and reliable, 17 and has excellent test-retest reliability over a 3-week time frame 18 and good test-retest reliability over a year. 17 The SF-12 has been abridged to a 6-dimension instrument (SF-6D). 19 The SF-6D utility is converted from the SF-12 using preference weights estimated from the United Kingdom general adult population. 19 The SF-6D utility scores range from 0.0 (death, worst health state) to 1.0 (full health, best health state), with an estimated minimally important difference ± SD of .027±.028. 20 An online program (http://www.shef.ac.uk/scharr/sections/heds/mvh/sf-6d) was used to convert baseline and follow-up data on the SF-12v2 to the SF-6D. Participant-level QALYs are typically estimated by weighing each time interval by the individual's utility during that time. Total QALYs are summed by the total of each quality-adjusted time period using the area-under-the-curve method, 21 which is implemented by summing the areas of the geometric shapes obtained by linear interpolation between utility scores over the study period. 22 We calculated total QALYs as the geometric shape representing the area under the health-related utility points (ie, the integral) over the course of 2 years. 23 
Covariates
Covariates included socioeconomic factors and body mass index (BMI). Socioeconomic factors included age, sex, self-reported race/ethnicity (African American, white, or other race), education, marriage status, and income. BMI was calculated from measured height and weight (weight [kg]/height [m] 2 ). Persons were classified as normal weight (BMI, 18.5-24.9), overweight (BMI, 25.0-29.9), or obese (BMI, ≥30).
We did not include as covariates health factors represented in the QALY. The decision to leave these covariates out of the model was because of the innate relationship between health factors and the QALY. If adjusted for in the model, the endpoint (health-related quality of life or its surrogates) would be "to some extent represented on both sides of the model equation," 24(p. 5) which will result in a biased estimate.
Data analysis
We presented descriptive analyses of participant characteristics by sedentary time in quartiles. We examined the association between baseline sedentary behavior and the QALY by sedentary quartile using quantile regression models, controlling for baseline covariates. Quantile regression was developed to estimate change in the response variable y as a function of predictor variables x when the probability distribution does not follow a parametric distribution.25, 26 Quantile regression differs from ordinary least-squares regression, which estimates the effect as a change in the mean of the distribution of response variable y. 26 When the probability distribution is nonparametric, estimating a change in the mean becomes problematic, potentially underestimating, overestimating, or failing to distinguish nonzero changes in distributions. The estimates generated using quantile regression are semiparametric in the sense that no parametric distributional form (eg, normal, Poisson, negative binomial) is assumed for the random error part of the model, although a parametric form is assumed for the determinist portion of the model. 25 Quantile regression modeling the median was used in this analysis because the data did not meet a parametric distributional form. Quantile regression is robust to outliers and does not require assumptions regarding the underlining distribution of the outcome to obtain valid inference tests.
We considered the effect modification of sedentary behavior and sedentary time on the QALY to assess whether the effect of sedentary behavior was different across quartiles. We used isotemporal substitution models to estimate the potential benefits gained for substituting sedentary behavior with PA. 27 The isotemporal substitution model allows us to trade the consequences of alternative PAs to assess the potential benefit from an alternative use of one's time. 7 The isotemporal substitution model allows us to evaluate the effect of replacing 1 hour of sedentary time with 1 hour of time spent in light PA and MVPA, respectively. In our analyses we examine the "substitution effect" while also adjusting for the independent effects of other covariates simultaneously.
We performed analyses using Stata/SE 13.1 b and SAS software version 9.4. c We set statistical significance at a P level of ≤.05.
Results
The 1794 participants evaluated in this study had a mean age of 65 years (range, 49-83y); 55% were women, 85% were white, and 30% had 1 or more comorbidities. On a daily average, participants spent a mean ± SD of 10.6±1.39 hours in sedentary behavior, 5.07±1.29 hours in light PA, and 19.5±20.38 minutes in MVPA. Baseline sample characteristics are summarized by sedentary behavior quartile in table 1. The most sedentary group (Q1) was sedentary approximately three fourths of their waking time (ie, >12.3h on average each day of 16 waking hours) and tended to be older, male, ethnically white, and obese, with a lower income than the less sedentary groups. The effect of time spent in sedentary behavior on QALYs for each quartile group was estimated from interaction terms (sedentary group × sedentary time) using quantile regression models. Further analyses evaluated the influence of socioeconomic factors and BMI identified in table 1. Table 2 reports on the relationship between sedentary time and QALYs for each sedentary group. Median QALY change size and significance appear quartile dependent. The most sedentary quartile (Q1) showed a significant QALY loss with an additional hour of sedentary behavior: −.072 (95% confidence interval, −.125 to −.020). Controlling for sociodemographic factors, marital status, and BMI results in a sizable and significant QALY loss. In contrast, no other quartiles show a significant relationship between QALYs and time spent in sedentary behavior. Recognizing comorbidity may act on the same pathway as PA, a sensitivity analysis further controlled for comorbidities. These results indicated <30% of the problematic sedentary behavior effects on QALY were shared with comorbidity for the most sedentary group. 29 we suggest incremental steps designed to break up sedentary behavior. Australian PA guidelines specifically recommend individuals to "minimize time spent in sedentary behavior every day" and "break up long periods of sitting as often as possible." 30(p.4) An incremental approach such as this with small, achievable goals is encouraged and based on behavioral models. 31 Specific applications include recommending that patients stand during advertising breaks when watching television programs, walk around the couch or chair, or make short trips such as walking to the mailbox.
These results may also be helpful in clinical trial design. Interestingly, no quartiles other than the most sedentary showed a significant change in QALYs when the effect modification between sedentary time and sedentary behavior was assessed. The whole cohort of individuals with or at risk for knee OA appears heterogeneous with respect to the effect of sedentary behavior on QALYs, suggesting that addressing sedentary behavior in more active individuals is not likely to improve quality of life as captured by the QALY. Likewise, conducting a clinical trial to replace sedentary behavior using the whole cohort may not produce meaningful changes in QALYs. Our findings suggest that researchers assessing strategies to replace sedentary behavior should use caution when selecting their study sample if the QALY is an outcome of interest.
Study strengths and limitations
Strengths of this study include longitudinal data collection across multiple sites, the large sample size, the age and sex diversity of the sample, and the objective capture of activity behavior using accelerometers. Our study had several limitations. Accelerometers are not sensitive to detect all activities such as cycling or upper body movement, and accelerometers are not worn during waterbased activities (however activity logs indicate little total activity was accounted for by water-based activities in this sample). In our analysis we did not adjust for marital status, which can potentially influence the QALY. As a sensitivity analysis we added marital status to the model as a covariate and found that our results in 
